The direct irradiance received on a plane normal to the sun, called direct normal irradiance (DNI), is of particular relevance to concentrated solar technologies, including concentrating solar thermal plants and concentrated photovoltaic systems. Following various standards from the International Organization for Standardization (ISO), the DNI definition is related to the irradiance from a small solid angle of the sky, centered on the position of the sun. Half-angle apertures of pyrheliometers measuring DNI have varied over time, up to %10°. The current recommendation of the World Meteorological Organization (WMO) for this half-angle is 2.5°. Solar concentrating collectors have an angular acceptance function that can be significantly narrower, especially for technologies with high concentration ratios. The disagreement between the various interpretations of DNI, from the theoretical definition used in atmospheric physics and radiative transfer modeling to practical definitions corresponding to specific measurements or conversion technologies is significant, especially in the presence of cirrus clouds or large concentration of aerosols. Under such sky conditions, the circumsolar radiation-i.e. the diffuse radiation coming from the vicinity of the sun-contributes significantly to the DNI ground measurement, although some concentrating collectors cannot utilize the bulk of it. These issues have been identified in the EU-funded projects MACC-II (Monitoring Atmospheric Composition and Climate-Interim Implementation) and SFERA (Solar Facilities for the European Research Area), and have been discussed within a panel of international experts in the framework of the Solar Heating and Cooling (SHC) program of the International Energy Agency's (IEA's) Task 46 "Solar Resource Assessment and Forecasting". In accordance with these discussions, the terms of reference related to DNI are specified here. The important role of circumsolar radiation is evidenced, and its potential contribution is evaluated for typical atmospheric conditions. For thorough analysis of performance of concentrating solar systems, it is recommended that, in addition to the conventional DNI related to 2.5°half-angle of today's pyrheliometers, solar resource http://dx.
Introduction
The direct irradiance received on a plane normal to the sun over the total solar spectrum is defined as direct normal irradiance (DNI). DNI is an essential component of global irradiance, especially under cloudless conditions, and represents the solar resource that can be used by various forms of concentrating solar technologies (CST), such as concentrating solar power (CSP) systems-also called solar thermal electricity systems, including parabolic dish, parabolic trough, linear-Fresnel, or solar tower, or concentrating photovoltaic (CPV) systems.
For that reason, the characterization of the solar resource in terms of quantities related to DNI is of particular importance, and presently corresponds to one of the primary research topics in the domains of solar radiation modeling, satellite-based retrievals, and radiometric ground-based measurements. In the fields of electromagnetic scattering, radiative transfer and atmospheric optics, many decades of theoretical developments in so-called "directional radiometry" are noteworthy, as recently reviewed by Mishchenko (2011 Mishchenko ( , 2014 . Such highly fundamental studies have reached the solar energy community only indirectly, however. angular distance from the center of the sun u azimuth angle of a given point in the sky in the orthogonal spatial system of axes defined by the direction of the sun (see Fig. 1 Despite the fact that the term "direct normal irradiance" and its corresponding acronym DNI have been widely used for a long time in the fields of solar energy and solar resource assessment, this quantity may actually correspond to different definitions, interpretations or usages, which can lead to confusion.
These issues have been identified in two EU-funded projects, namely MACC-II (Monitoring Atmospheric Composition and Climate-Interim Implementation) and SFERA (Solar Facilities for the European Research Area). Moreover, experts participating in the International Energy Agency Solar Heating and Cooling Programme (IEA SHC) Task 46 "Solar Resource Assessment and Forecasting" extensively discussed these issues at two international workshops. This collaborative IEA Task is also coordinating with both the IEA SolarPACES (solar power and chemical energy systems) and IEA PVPS (photovoltaic power systems) implementing agreements. Thus, international experts from all relevant solar technologies-most particularly CSP and CPV-have been involved to reach a consensus on these definitions.
DNI is defined as follows in the ISO-9488 standard (ISO-9488, 1999) : "Direct irradiance is the quotient of the radiant flux on a given plane receiver surface received from a small solid angle centered on the sun's disk to the area of that surface. If the plane is perpendicular to the axis of the solid angle, direct normal solar irradiance is received".
This definition is simple to understand from a theoretical perspective, even though it remains vague due to the lack of specification about what a "small solid angle" actually is. This issue will be examined further in Section 2. The rest of this contribution is mainly concerned with the experimental side of the question.
Historically, the interest in accurate measurement of DNI started decades ago. Early studies (e.g., Linke, 1931; Linke and Ulmitz, 1940) identified the difficulty of separating the measurement of DNI from that of the diffuse irradiance in the immediate vicinity of the sun, hereafter referred to as circumsolar irradiance. Pastiels (1959) conducted a detailed study of the geometry of pyrheliometers, and how that geometry interacted with circumsolar radiance, using simplified representations of the latter. Various communications were then presented at a WMO Task Group meeting held in Belgium in 1966 (WMO, 1967 to improve the accuracy of pyrheliometric measurements, including estimates of the circumsolar enhancement. Å ngströ m (1961) and Å ngström and Rohde (1966) later contributed to the same topic, followed years later by Major (1973 Major ( , 1980 . The whole issue of instrument geometry vs. circumsolar irradiance was complex and confusing at the time because different makes and models of instruments had differing geometries. This was considerably simplified after WMO issued guidelines about the recommended geometry of pyrheliometers, which led to a relatively "standard" geometry used in all recent instruments. The experimental issues related to the measurement of DNI are discussed in Section 3.2.
After the theoretical background related to DNI in Section 2, a review of its multiple definitions, measurements and applications are reviewed in Section 3. Section 4 summarizes the expert consensus on clear definitions and terminology related to DNI. Section 5 gives examples based on simulations and ground measurements demonstrating the important role of circumsolar radiation in DNI, notably due to aerosols and thin clouds. Finally, Section 6 provides recommendations for a better mutual understanding of the possible definitions of DNI and how to reconcile them.
Theoretical background
Let L(n, u) be the broadband sky radiance-usually expressed in W m À2 sr À1 -for an element of sky whose angular position is defined by the angular distance n from the center of the sun and its corresponding azimuth angle u. The angle n is the angular distance of the considered point in the sky with respect to the angular position of the sun (Fig. 1 ). If the sun happens to appear within the sky patch considered, its radiance is included in L. The red surface is the plane perpendicular to the direction of the sun. The corresponding solid angle with aperture half-angle of n is represented by the grey cone.
Here, the term "broadband" refers to the shortwave part of the extraterrestrial solar spectrum that is received at the surface of the Earth, typically ranging from 290 to 3000 nm (WMO, 2010) . This energy-rich part of the solar spectrum is covered by the spectral responses of pyrheliometers, which covers the range 300-4000 nm (e.g. EKO, 2011; Kipp and Zonen, 2008; Hukseflux, 2011) . However, some CSP technologies with selective receiver coatings only use the spectral range from about 350 to 2500 nm (Benz, 2004) . Similarly, PV and CPV collectors have a very different-narrower and uneven-spectral response than pyrheliometers. It should be noted that DNI is implicitly considered as broadband for this discussion.
The ISO definition of DNI, noted B n , can be expressed by the following fundamental formula:
where P(n, u) is the "penumbra function" that is sometimes also called "acceptance function". The penumbra function is equal to 0 for n greater than a limit angle a l (see Section 3.2). Sometimes, the aperture solid angle precisely defined by the penumbra function can also be simply or roughly characterized by an equivalent angular half width that may be called opening-or acceptance, aperture, viewing-halfangles.
The value of the penumbra function P(n, u) is defined by the fraction of parallel light rays incident on the aperture from the angles (n, u) that reach the pyrheliometer's sensor element. The penumbra function can be calculated from the pyrheliometer's geometric specifications. For angles n l less than 5°, the deviation from 1 of the cos(n) term can be considered negligible, so that Eq. (1) may be simplified into:
Under the assumption of radial symmetry of the sky radiance in the vicinity of the sun position for clear skies (Gueymard, 1995 (Gueymard, , 2001 Buie and Monger, 2004) , which can be considered reasonable when the sun is not too low over the horizon, Eq. (2) simplifies into:
where P(n) and L(n) are the azimuthal averages of P(n, u) and L(n, u), such that: Gueymard (2001) provides an expression for L(n) as a function of the aerosol optical mass, spectral Rayleigh and aerosol optical depths, aerosol phase function, and other variables. Eq. (3) outlines the way the DNI can be calculated from the azimuthal averages of the sky radiance and the penumbra function, in the vicinity of the sun, usually referred to as "circumsolar region" or "aureole".
The mathematical formulation of the definition for DNI, per Eq. (1), is ambiguous because neither a limit angle n l nor a penumbra function is specified. This ambiguity is the main source of the multiple definitions of DNI found in the literature, since each of them explicitly or implicitly refers to different limit angles and penumbra functions, which inherently leads to varying amounts of integrated radiance in the vicinity of the sun.
When seen from outside the atmosphere, the sun appears basically as a disk whose angular radius can be quantified by the angular distance d s between the visible edge of the disk and its center. Considering the visible diameter of the sun (%1.392 Â 10 6 km) and the varying sun-Earth distance during a year (%1.496 Â 10 8 km ±1.7%), d s is equal to 0.2666°±1.7%, using the set of constants from Liou (2002) . In other words, at the top of atmosphere, the angular extent of the sun to be considered is defined by a limit angle equal to d s . At the ground level, due to scattering effects occurring within the atmosphere, the circumsolar region for angles greater than d s should be considered since its radiance is added to the radiance from the solar disk, typically up to 5°or more, depending on the application.
The direct radiance can be described as the radiance emanating from the circumsolar region and the sun. It is expressed as a function of the angular position relative to the center of the sun. The term sunshape, or S s (n), refers to the broadband azimuthal average radiance profile, normalized with respect to the radiance at the center of the sun, i.e.:
where the normalization constant K is determined so that S s (0) = 1 (Biggs and Vittitoe, 1977) .
As an example, Fig. 2 shows several sunshapes derived from the Lawrence Berkeley National Laboratory (LBNL) Fig. 1 . Angular positions (n, u) of a given point in the sky (circle), in the orthogonal spatial system defined by the direction of the sun (star). h s is the solar zenith angle. The red plane represents the plane perpendicular to the angular position of the sun, and the grey cone represents the solid angle of aperture half-angle n. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) Fig. 2 . Examples of sunshape profiles from the LBNL circumsolar telescope (Grether et al., 1975) . The leftmost vertical thick black line indicates the edge of the solar disk and the rightmost one, the opening half-angle of a typical pyrheliometer. circumsolar telescope (Grether et al., 1975; Noring et al., 1991) .
Even without any influence of the terrestrial atmosphere, the solar disk radiance decreases with increasing angular distance from the center of the sun. This effect is referred to as limb darkening and varies with wavelength. While the radiance at the edge of the solar disk is approximately 55% of the radiance in the center of the sun at 1000 nm, the radiance decreases to approximately 20% at 370 nm. From the various limb-darkening models proposed in the literature, the radiance profiles presented by Pierce and Slaughter (1977) are recommended options to describe the region between 300 nm and 2400 nm.
Multiple definitions of DNI in the literature
The objective of this section is to review the multiple definitions and common acceptances related to DNI in different scientific fields, including radiative transfer in the atmosphere, radiometry, and solar energy conversion.
The strict definition for numerical modeling of radiative transfer in the atmosphere
The strict definition of the DNI refers to photons that did not interact with the atmosphere on their way to the observer.
The mathematical formulation of this fundamental definition of DNI, noted as B strict n , makes use of the broadband transmittance of the atmosphere T and the top-of-atmosphere-or extraterrestrial-normal irradiance E toa n for the actual sun-Earth distance (WMO, 2010):
The broadband transmittance T depends on the altitude, solar zenith angle and parameters describing the optical state of the atmosphere related to aerosols, water vapor and other gases. The definition of DNI described above is conceptually useful for atmospheric physics and radiative transfer models, but brings along a complication for ground observations or even for concentrating solar systems. It is not possible to identify whether or not a photon was scattered before it ultimately reaches an observing instrument. For the same reason, this strict definition also does not fit the ISO definition of DNI, since the ISO definition does not distinguish between scattered and non-scattered radiation.
Besides this fundamental problem, there are practical implications to consider too. Pyrheliometers have to track the apparent sun position along its path through the sky. As this cannot be done with perfect accuracy, pyrheliometers are designed such that they receive light from a greater angular aperture than the solar disk.
In the domain of numerical modeling of radiative transfer in the atmosphere with codes such as MODTRAN (Berk et al., 1998) , SMARTS (Gueymard, 2001 (Gueymard, , 2005 , or the publicly available solvers included in libRadtran (Mayer and Kylling, 2005) , the direct normal irradiance is generally considered as a Dirac or delta function with no angular extent. DNI at the surface is modeled as the attenuation of the extraterrestrial radiation originating from the strict direction of the sun considered as a point source, without taking into account the scattered photons that may reenter the beam or the angular extent of the solar disk.
The very concept of numerical radiative transfer modeling that distinguishes non-scattered beam from scattered photons is currently evolving. For instance, within the EU-funded SFERA project, described by Reinhardt (2013) and Reinhardt et al. (2014) , the authors have devised a special version of libRadtran, and modified the Monte-Carlo based radiative transfer equation solver named MYSTIC (Mayer, 2009) to account, inter alia, for a more realistic angular variation of the normalized extraterrestrial radiance over the solar disk. This solar radiance, hereafter referred to as "extraterrestrial sunshape", decreases from the center of the solar disk towards its edges, due to the phenomenon called "limb darkening" in solar physics, as mentioned above in Section 2. The extraterrestrial sunshape can also be modeled by other means to evaluate errors in spectral direct irradiance measurements obtained with sun photometers (Kocifaj and Gueymard, 2011) . Fig. 3 exhibits examples of simulated radial radiance profiles using either the extraterrestrial radiance modeled as a delta function (blue solid line) or with a realistic extraterrestrial sunshape (red dotted-dash line). In contrast, the green (dashed) curve represents the diffuse part of the radiance profile with a realistic extraterrestrial sunshape.
Because of constraints related to tracking accuracy and design-based limits on concentration factor, solar concentrating conversion systems also have different angular apertures, generally smaller than for pyrheliometers. Therefore, DNI is interpreted differently in the realm of solar energy and irradiance measurements than in the realm of radiative 
The experimental definition for solar radiation measurement
The measurement of DNI is defined in the WMO CIMO Guide (WMO, 2010): "Direct solar radiation is measured by means of pyrheliometers, the receiving surfaces of which are arranged to be normal to the solar direction. By means of apertures, only the radiation from the sun and a narrow annulus of sky is measured, the latter radiation component is sometimes referred to as circumsolar radiation or aureole radiation".
This experimental definition is in a perfect agreement with the ISO definition of Section 3.1, and considers that DNI is logically related to the specific measurement device being used.
The amount of measured circumsolar scattered irradiance depends on the state of the atmosphere and on the specific penumbra function of the instrument (Pastiels, 1959) . In most cases, this penumbra function can be approximated in a geometrical way by means of three angles: the opening half-angle a, the slope angle a s , and the limit angle a l (Fig. 4 ), defined as
where R, r and L are characteristic dimensions of the instrument. Since these angles are usually small, their definition implies that:
Such a straightforward definition results in what is sometimes called the geometric penumbra function (Major, 1994) . In practice, the numerical value of the penumbra function is given by the fraction of collected radiant flux by an optical aperture depending on the off-axis angles. The effective penumbra function is somewhat different from the geometric penumbra function, and obtained by taking into account effects such as the spatial inhomogeneity of the sensor in addition to its geometry (Major, 1994) .
Penumbra functions for diffusometers-instruments consisting of a pyranometer with a shading disc or ball meant to shade the solar disc, so as to measure diffuse irradiance-are defined correspondingly, but refer to the fraction of rays that is blocked by a shading structure such as a tracking shade or a shadow ring, and thus does not reach the sensor (Major, 1992) .
For off-axis angles between a minimum value of 0°and a maximum value equal to the slope angle a s , the penumbra function is equal to 1. For angles greater than the limit angle a l , the penumbra function is equal to 0. Finally, a continuously decreasing penumbra from 1 to 0 characterizes the range [a s , a l ]. The opening half-angle a is the main characteristic for the description of the field of view of a pyrheliometer (Gueymard, 1998) , and it corresponds approximately to the center of the transition range [a s , a l ]. The viewing angle X is defined as the solid angle of a cone with apex angle 2a: Fig. 4 . Schematic representation of slope angle a s , opening half-angle a and limit angle a l of a circular opening pyrheliometer with the corresponding geometric penumbra function P with respect to the off-axis angle.
Of course, the opening half-angle-or the viewing angle-alone does not fully describe the penumbra function. Table 1 , based on Gueymard (1998) , gives the value of such angles for common pyrheliometers.
The WMO CIMO guide (WMO, 2010) recommends an opening half-angle of 2.5°and a slope angle of 1°. Nevertheless, there is a large variety of pyrheliometers in current use (Rü edi, 2000; Gnos, 2010) , which might have other geometries. Å ngströ m and Rohde (1966) and Å ngströ m (1961) studied a set of pyrheliometers with opening half-angles up to 10°and evaluated their typical circumsolar enhancement effects. Of course, different opening half-angles result in differing measured values. The instrument-to-instrument differences that the circumsolar effect generates are far from being negligible, especially in the presence of cirrus clouds. These differences must be seriously considered if the desired relative accuracy is better than 1.5%. In addition, several instruments have a circular aperture whereas others-however quite rare and old-have a rectangular aperture. The quasi-equivalence between the rectangular and circular field of view is valid ideally only for clear skies with low aerosol content (Willson, 1969) .
The authors listed in the previous paragraph have underlined the need for further standardizing the acceptance conditions of pyrheliometers within meteorological networks. As a consequence, in 1978, the World Meteorological Organization (WMO) made the important decision that the radiometric definition of the Watt would have to be directly related to the electric scale through the World Radiometric Reference (WRR). The WRR is maintained experimentally by a group of stable instruments called active cavity radiometers (ACRs) located at the World Radiometric Center in Davos, Switzerland (WMO, 2010) . This decision became effective on January 1, 1981 (Rü edi and Finsterle, 2005) . The practical usage of WRR is described elsewhere (Gueymard and Myers, 2008) . Every five years, an International Pyrheliometer Comparison (IPC) is conducted in Davos where the WRR reference instruments are used to transfer their calibration to other primary standards belonging to diverse countries. This process eventually trickles down and propagates in a way so that all calibrated field instruments in the world are ultimately traceable to the WRR. During the 11th IPC held in Davos in September-October 2010, an episode of Saharan dust occurred, which produced periods of slightly elevated dust aerosols in the air, in contrast with the normally very pure atmosphere at this elevation (1596 m). This circumstance provided an opportunity to study the effects of high-altitude aerosols on the transfer of calibration between instruments of different viewing geometries (Finsterle et al., 2012) . Even though the necessary corrections were small (<0.1%), they were of similar magnitude as the stated WRR precision (%0.1%) and uncertainty levels (%0.3%). More details about the effect of circumsolar irradiance are provided in Section 5.
In the last few decades, other types of radiometer have started to be used for the purpose of measuring DNI as an alternative to conventional thermopile pyrheliometers. At the cost of an expected moderate loss of precision, these instruments can have some advantages, such as (i) lower first costs or investments; (ii) lower operation and maintenance costs; and (iii) decreased risks of misalignment, soiling or perturbation due to meteorological events, thus also decreasing down periods and maintenance costs. Examples of these alternative systems are: a pair of thermopile pyranometers, one unshaded to measure global irradiance and the other one equipped with a tracking shade (or, less desirably, a shadow ring), to measure diffuse irradiance; a thermopile radiometer resembling a pyranometer, but equipped with a system of shades inside the glass dome to separate the global and diffuse components (Wood, 1999) ; a rotating shadowband irradiometer (RSI) that alternatively senses the global and diffuse components at rapid intervals (Michalsky et al., 1986; Geuder et al., 2003 Geuder et al., , 2008 Geuder et al., , 2011 Vignola et al., 2012) .
The determination of the DNI with these systems results from specific processing consisting of intermediate steps, such as: computation of the direct horizontal irradiance from the difference between the measured global and diffuse horizontal irradiances; Table 1 Slope angle, opening half-angle, limit angle and viewing angle for several pyrheliometers, from Gueymard (1998) and data from manufacturers (EKO, 2011; Kipp and Zonen, 2008; Hukseflux, 2011; Middleton, 2008) .
Brand, Model
Slope angle a s (°) Opening half-angle a (°) Limit angle a l (°) Viewing angle X (sr)
Abbott, silver disk 0.8 2.9 4.9 8 Â 10 À3 Eko, MS-56 1.0 computation of DNI from direct horizontal irradiance by dividing it by the cosine of the solar zenith angle; corrections for RSI systems to compensate for systematic errors (e.g. King et al., 1998; Geuder et al., 2003 Geuder et al., , 2008 Geuder et al., , 2011 Vignola, 2006) ; corrections needed to compensate for the shaded part of the sky when using a shadow ring or other system of shades (e.g. WMO, 2010; Ló pez et al., 2004; Batlles et al., 1996) .
The opening half-angles that would characterize the measured DNI when using these alternative pyranometric systems are not always easy to define. Indeed, they depend on the sensor-sun geometry and on the specific procedure used to calibrate the instrument against a reference pyrheliometer or ACR. Additionally, the variability of the irradiance measured during the rotation of the shadowband of a RSI has to be considered (Wilbert et al., 2012; Wilbert et al., 2013c) .
The accuracy of some of these instruments or methods is limited and may not even be adequate to successfully distinguish the effects and differences stated above.
An inter-comparison of such alternative sensors from different manufacturers has been made in Payerne (Switzerland), in the frameworks of the European COST program (cooperation in science and technology) ES1002 WIRE (weather intelligence for renewable energy) and IEA SHC Task 46. The results of this DNI inter-comparison will be published soon.
Sensor soiling has an additional impact on the experimental determination of DNI. It should be avoided as thoroughly as possible during measurement campaigns since its impact may easily outweigh the effects of circumsolar radiation or of differing instrument geometries. Since soiling cannot always be avoided, its effect on the uncertainty of DNI measurements should be quantified along with the measurements. The effects of instrument soiling are strongly dependent on site, instrument type, season and corresponding weather and environmental conditions (Geuder and Quaschning, 2006) . Mitigation measures require a meticulous record of the sensor cleanings with their exact times and the potential increase in the corresponding sensor signal along with signal coincidence in the case of redundant measurements. Such methods are described in (Geuder and Quaschning, 2006; Pape et al., 2009; Wolfertstetter et al., 2012; Wolfertstetter et al., 2013) .
The practical usage in solar energy conversion

Overview of power plant performance models
Circumsolar radiation and the corresponding sunshape play a role in determining the efficiency of concentrating solar systems, and are always somehow-and sometimes implicitly-included in common solar performance models. Such models include ray tracing tools, analytical optical performance models, and models that determine the optical performance with look-up tables or parameterizations of the solar position relative to the collector. To better understand the use of the term DNI in power plant models we briefly introduce different types of optical performance models and tools.
Ray tracing models
The available solar radiation can be described as a multitude of solar rays transmitted from the sun to the concentrators and finally to the receiver. Ray tracing tools such as STRAL (Belhomme et al., 2009) , SolTRACE (Wendelin, 2003) , MIRVAL (Leary and Hankins, 1979) , or SPRAY (Buck, 2010) calculate the path of the sun's rays from the sunshape to the receiver by application of physical laws. Monte Carlo techniques are often implemented to allow for tractable calculation times.
For the sake of illustration, one method for the description of the sunshape that is available in SPRAY is explained in the following. The method selects one concentrator element after another and traces a given number of rays from the current element. After the calculation of the vector to the center of the sun, the appropriate sunshape is included. This is done by calculating an angular deviation of the ray vector from the center of the sun based on the probability density function corresponding to the sunshape as defined in Section 2.
To do so, a user-defined sunshape has to be provided as an input to SPRAY. The radiance is determined both by the specified DNI and the user-defined sunshape. The specific ray under scrutiny is then related to a power calculated as the product of the incident DNI and the projected area of the current concentrator element divided by the number of rays per element. Then the path of the ray is followed until it reaches the receiver.
This ray tracing method can be based on actual measurements of the plant geometry.
Analytical optical performance models
The Bendt-Rabl model (Bendt et al., 1979; Bendt and Rabl, 1981) is another type of calculation method that uses an analytical approach. To accelerate calculations, analytical equations are derived and solved to describe the ray's path through the optical system. For instance, the model suggested by Bendt and Rabl can be used for parabolic troughs and solar dishes. In a first step, an angular acceptance function is determined from the design geometry. The angular acceptance function P acc (a) is defined by the fraction of rays incident on the aperture at an angle a that reaches the receiver. This is equivalent to the definition of the penumbra function given in Section 2.
The second step of the Bendt-Rabl method is to determine an effective source that includes both the user-defined sunshape and the deviations from the design geometry. The optical errors of a CST collector are described as Gaussiandistributed independent uncertainties. Their combination is also a Gaussian distribution with standard deviation r opt , which is often called optical error. The function that describes the optical errors is then combined with the sunshape using convolution. For line-focusing systems, such as parabolic troughs, a further integration step is required because the effect of circumsolar radiation on the incident irradiance depends strongly on angle u (Eq. (1) ).
Finally, the intercepted radiation can be determined by integrating the product of the effective source and the acceptance function, similar to Eq. (3). Bendt and Rabl (1981) also describe an alternative order of the calculation steps that combines the angular acceptance function and the optical errors to the so-called "smeared acceptance function", which is then combined with the sunshape.
Similar analytical methods are used in HELIOS (Vittitoe and Biggs, 1981) , DELSOL (Kistler, 1986 ) and HFLCAL (Schwarzbö zl, 2009).
Look-up tables-based optical performance models
The fastest way to determine the optical performance of a CST collector uses only parameterizations or look-up tables that describe the change of the optical performance with solar position. The necessary parameters can be derived from experimental data, or the aforementioned analytical performance models or raytracing tools. Experimental measurements are obtained for a given time series of sunshapes. In contrast, results from the aforementioned models always have to make assumptions concerning the sunshape. Hence, even such simple performance models indirectly include an assumed sunshape. Only one constant sunshape is typically described by these simple models, which may constitute a serious limitation. As a rather extreme example that can occur when thin clouds mask the sun, Grether et al. (1977) found 15% and 24% reduction of the intercept factor for two solar towers using a broad sunshape with a CSR of 0.4.Such look up tables or parameterizations are used in SAM (Gilman et al., 2008) and Greenius (Quaschning et al. 2001; Dersch et al., 2011) .
Definition of the required input DNI for performance models
The first two types of model mentioned above-ray tracing and analytical models-need the sunshape and DNI as input variables. The third model type (look-up tables) only requires DNI as input, whereas assumptions on the sunshape are included as fixed settings in the model.
In CST applications, the term DNI is commonly interpreted as the experimental DNI that is measured with a pyrheliometer. This does not always lead to the right interpretation of the plant performance analysis software, however. For the ray tracing tool SPRAY, for instance, the input DNI value is related to rays that are distributed over the complete interval up to the angle n l over which the sunshape is defined by the user. The input DNI must be computed by the user from the chosen sunshape and experimental DNI, provided that the angle n l is greater or equal to the limit angle of the pyrheliometer.
Users must pay attention to the adequacy between the limit angle of their user-defined sunshape and the limit and slope angles of the pyrheliometer considered as the source of the experimental DNI. For instance, the experimental sunshapes presented by Neumann et al. (2002) all have the same limit angle of 1.72°, which makes them incompatible with experimental DNI data obtained with common pyrheliometers having a 2.5°opening half-angle. In contrast, the standard solar scan (Rabl and Bendt, 1982) is defined up to 3.2°. Hence, the error due to the angular incompatibility is smaller in the later case, since only the angular interval from 3.2°to the limit angle is affected. The same holds for the sunshapes proposed by Buie et al. (2003b) . Rabl and Bendt (1982) discuss the interaction between the specified DNI and the outer limit angle (up to an angle of 3.2°) of the sunshape data used in their study. They define the optical performance of a solar system for the specific penumbra function of the Eppley Normal Incidence Pyrheliometer (NIP), which has an opening half-angle of 2.9° (Table 1 ). The optical performance that is obtained after the above-explained convolutions and spatial integration is hence only a preliminary result. This preliminary result refers to an angle of 3.2°that coincides with the limit of the LBNL circumsolar radiance data and not to the penumbra function of the pyrheliometer. Rabl and Bendt (1982) derived the experimental optical performance by multiplying this preliminary result with the ratio of DNI computed with the sunshape with a 3.2°opening half-angle and perfect penumbra function and the measured DNI.
For performance models that use look-up tables or experimental data, DNI has to be defined in correspondence with the source of the parameters or look-up table. For such models, however, errors may occur if the sunshape deviates from the indirectly included sunshape of the parameters or look-up table.
Although two of the three aforementioned types of performance model allow calculations with arbitrary userdefined sunshapes, typically only constant standard sunshapes are used. Nevertheless, Wilbert (2014) has processed time series of sunshapes using a software add-on for SPRAY. For the processing of DNI time series from typical meteorological years, however, no approach for the corresponding sunshape data is published so far. Further research is thus required to alleviate the lack of site-specific sunshape data for such applications.
Approximation of the angular acceptance of CST collectors with acceptance angles
The availability of site-specific time series of both the experimental DNI and corresponding sunshape is the ideal case in CST modeling. Approximate descriptions of the collector performance including the variation of circumsolar radiation might be achieved by specifying a collectorspecific DNI (Lemperle, 1982) that only includes radiation up to a collector-specific outer boundary angle, which is called acceptance angle. Such approximations and their shortcomings are not the topic of this paper. What is described here is rather an overview of definitions and values of acceptance angles that might be adequate for such approximations, as an illustration of the contribution of circumsolar radiation to collector performance.
Several concentrating solar systems exist with different types of collectors having diverse apertures corresponding to different limit angles n l and penumbra functions. These are generally not the same as the apertures characterized by pyrheliometers or other DNI measurement devices.
In the domain of solar energy conversion, the term "acceptance half-angle" is generally used instead of "opening half-angle". The nominal acceptance angle is defined in (Rabl, 1985) as "the largest incidence angle for which all or almost all rays on the aperture reach the receiver" and can be roughly considered as analog to the slope angle for pyrheliometers. Other approaches can be cited to define an equivalent acceptance angle, such as the one also proposed by Rabl (1985) , which is obtained as twice the standard deviation of the radiation angular distribution incident on the absorber. The acceptance half-angle can be also defined as the off-axis angle at which the sensitivity of the instrument decreases below a given fraction of the incident irradiance, e.g. 50% or 90%.
The nominal acceptance half-angle of a concentrating collector and its concentration factor are closely related. This relation depends on the quality of the non-imaging collecting optical system. Calling upon the second law of thermodynamics, Rabl (1976) demonstrates the existence of an upper bound of the concentration factor C for a given acceptance half-angle h c . For a refraction index of the solar concentrator equal to 1, one obtains:
where d equals 2 for point focusing collectors (e.g. parabolic dish or solar tower) and 1 for line focusing collectors (e.g. parabolic through or linear Fresnel).
As stated above, we do not discuss the application of the acceptance angles for CST modeling or the quality of such models, but only state the upper bounds for acceptance angles as an illustration.
To illustrate the diversity of the possible acceptance angles in CST systems, we have collected the concentrating factors and acceptance angles of several systems from the literature. Table 2 shows typical concentration factors of various CSP technologies (IRENA, 2012) and the corresponding upper bound of acceptance half-angles from Rabl (1976) . These upper bounds are within the typical range 0.7-2.3°, and are typical of concentrating collectors such as parabolic through, solar tower or parabolic dish (Meyen and Lü pfert, 2009 ).
In parallel, Table 3 provides data on the concentration factors and their corresponding upper bounds of acceptance half-angles for several CPV systems, assuming a refraction index of the solar concentrator equal to 1.
Expert consensus on DNI definitions in the framework of IEA SHC Task 46
The need for clear and specific definitions and terminology related to DNI was raised by MINES ParisTech (Blanc et al., 2013) in the name of the EU-funded MACC-II project, in the framework of two expert meetings and dedicated workshops under IEA SHC Task 46: "Solar Resource Assessment and Forecasting". Approximately 70 experts from 12 countries participate in Task 46.
As an outcome of discussions held at Task 46 Expert Meetings and workshops during 2012-2013, various definitions related to DNI were specified with their corresponding acronyms. The following is a synthesis of these conclusions.
In the ideal case where the penumbra function is a perfect rectangular function with respect to the off-axis angle (i.e. no transition range), an ideal DNI for the opening half-angle a, named B ideal n ðaÞ, is defined as follows: 
The direct irradiance from the sun, noted B sun n , is defined as the solar radiant flux collected by a surface normal to the direction of the sun, within the current extent of the solar disk only (half-angle d s ) with a perfectly rectangular penumbra function. This constitutes a special case of Eq. (11), with a = a s = a l = d s and:
With this definition, used by Buie et al. (2003a) for instance, the small fraction of diffuse radiance within the solar disk is included. Theoretically, B sun n is different from B strict n because the latter consists only of non-scattered radiant flux. In practice, however, the difference between the Table 2 Upper bounds of acceptance half-angles from Rabl (1976) for typical concentration factors of different CSP technologies, as described in the IRENA working paper (IRENA, 2012).
CSP Types
Dish-Stirling Solar tower Parabolic through Linear Fresnel
Concentration factor >1300 >1000 70-80 60 Dimensional concentration type 3-D 3-D 2-D 2-D Upper bound of acceptance half-angles from Rabl (1976) <1.6°<1.8°<0.8°1°5 two quantities corresponds to the spatial integration of diffuse radiance within the solar radius angle, which can be considered negligible.
In the more general-and concrete-context of DNI measurements or solar conversion systems, the penumbra function P is generally not a perfect rectangular function.
The limit angle a l is defined as the angle above which the acceptance function is null or considered as negligible:
8n P a l P ðnÞ % 0:
This limit angle a l is the greatest angular distance from the center of the sun that is considered to be part of the circumsolar region, for a given acceptance function P. The angular extent of this circumsolar region cannot be defined in a universally valid way. This is due to the fact that different pyrheliometers and different concentrating collectors are sensitive to radiance up to specific angular distances from the center of the sun. For example, the limit angle a l is 3.2°for the measured circumsolar ratio (CSR) in the LBNL data base (Noring et al., 1991) . For pyrheliometer measurements following the WMO recommendations (WMO, 2010) a limit angle greater than 4°would be necessary.
The slope angle a s is defined as the angle below which the penumbra function equals 1, or its deviation from 1 can be considered negligible:
8n 6 a s P ðnÞ % 1:
The experimental definition of DNI for an acceptance function P and its limit angle a l defined by Eq. (3) can then be related to the ideal DNI for the opening half-angle a s :
Under the (reasonable) assumption that the acceptance function P is equal to 1 for off-axis angles less than the solar disk half-angle d s , it is clear that d s 6 a s , hence the following relationship is obtained:
The experimental circumsolar normal irradiance, CSNI, noted CS n , is related to the acceptance function P, and is defined as the part of the corresponding DNI that is incident from the annular angular region defined by the two half-angles a 0 and a 1 verifying the constraint d s 6 a 0 6 a 1 6 a l :
Following Eq. (16), a fundamental closure relationship is obtained:
Similarly to the ideal DNI, the ideal CSNI, noted CS ideal n , is defined as the part of ideal DNI coming from the annular angular region defined by the two half-angles a 0 and a 1 verifying the order constraint a 0 6 a 1 :
Similarly to Eq. (18), the following relationship is then obtained:
The circumsolar ratio (CSR) for the opening half-angle a, noted CSR(a), is then defined as the ratio between the ideal CSNI for a 0 = d s and a 1 = a and the ideal DNI B ideal n ðaÞ:
Eq. (21) is used in the literature to describe the circumsolar ratio (Grether et al., 1977; Schubnell, 1992; Neumann and Witzke, 1999) . Depending on the authors and the measurement systems, other angles are used for d s . For instance, Neumann and Von Der Au (1997) use the current solar disk angle plus 0.0206°(0.36 mrad) for sunshape measurements, in order to avoid the effect of imperfect image sharpness of the experimental images. Alternatively, in Neumann et al. (2002) , the average solar disk angle 0.2664°(4.65 mrad) is used for average sunshapes, thus introducing a small error-less than 1.7%-caused by neglecting the annual variation of the solar disk angle due to the elliptic path of the Earth around the sun. LBNL used the current solar disk angle increased by 0.013°as the inner limit angle to avoid instrumental errors that could cause an overestimation of the radiance close to the solar disk edges (Grether et al., 1975) . Buie et al. (2003b) showed that CSR characterizes the sunshape to some extent. However, there is no bijective relation between the sunshape and CSR. Indeed, a specific value of CSR can be obtained for different sunshapes, as discussed by e.g. Wilbert et al. (2013b) .
Finally, and in a similar way, the circumsolar contribution (CSC) from a given annular region can be defined as
Circumsolar radiation and its effect on DNI
The circumsolar irradiance and its angular distribution are dependent on the physical characteristics of aerosols and thin clouds-most particularly optically thin cirrus clouds-in the atmosphere. Whenever thin clouds obscure the sun, important modifications to the underlying clearsky circumsolar irradiance will occur, because clouds have different optical characteristics than aerosols. This section uses both real measurement-based and simulated examples to demonstrate that the amount of circumsolar radiation and its relative contribution to the measured or simulated DNI varies strongly with sky condition.
SMARTS simulations for clear-sky conditions with various loads of rural aerosols, composed of small aerosol particles, have shown that, for relatively low h s , the relative proportion of the circumsolar irradiance in the measured DNI is less than 1% for opening half-angles ranging from 2.5°to 2.9° (Gueymard, 2010a,b) . Increasing the air mass from 1 (h s = 0°) to 3 (h s = 70.7°) roughly results in the doubling of the circumsolar contribution. For the specific conditions of the ASTM G173 reference spectral standard, which is used by the PV and CPV communities for rating purposes, the combination of an air mass of 1.5 (h s = 48.24°), a rural aerosol with an aerosol optical depth (AOD) of 0.084 at 500 nm, and other atmospheric conditions defined in the standard, similar SMARTS calculations indicate a circumsolar contribution of only 0.25% for a 2.9°aperture half-angle. For many aerosol types composed of small particles and/or not too large AOD, the circumsolar contribution is essentially proportional to the slant optical depth (SOD) defined as the product of AOD and air mass, so that an AOD of 0.084 at air mass 15, or an AOD of 0.84 at air mass 1.5, would induce a circumsolar contribution 10 times greater than before, or approximately 2.5%. In the specific case of small aerosol particles and opening half-angles a less than 10°, the circumsolar contribution to DNI is found to vary almost linearly with a (Gueymard, 2010a,b) . These SMARTS results have been validated against more rigorous calculations of spectral circumsolar irradiance (Gueymard, 2001; Kocifaj and Gueymard, 2011) .
In addition to the SOD, the scattering phase function is the other dominating factor that governs the magnitude of the circumsolar contribution. The scattering phase function can be defined as the intensity of electromagnetic radiation at a given wavelength that is scattered for a given angle from the original direction of the incident beam (Zdunkowski et al., 2007) . The scattering phase function depends on the type of aerosol or cloud particles (material, particle size and shape). Large particles, such as desert dust particles or ice crystals, tend to scatter more strongly in the close vicinity of the forward direction than smaller particles such as rural aerosol particles, thus yielding comparatively larger circumsolar contributions. Under cloudless skies, and for a given value of the SOD, this means that the circumsolar contribution would be normally larger over arid/ desert areas than over rural areas.
The principle just stated that "larger particles induce greater circumsolar radiation" only holds for aerosols. In the case of cirrus clouds, ice particles may be so large that the forward scattering peak becomes extreme and the scattering angles for most photons can be smaller than the angular extent of the sun disk itself. This increases the diffuse radiation coming from the part of the sky occupied by the sun disc, but may lead to smaller circumsolar radiance values than in the case of smaller particles. In such extreme cases, a brighter sun disc but dimmer circumsolar region leads to smaller CSR values.
For the sake of illustration, simulations of the circumsolar radiation for an opening half-angle of 2.5°have been performed with a specifically modified version of the MYS-TIC Monte Carlo radiative transfer model that allows, notably, a precise description of the extraterrestrial sunshape to be considered (Reinhardt et al., 2014; Mayer, 2009 ). To cover the full range of expected circumsolar radiation values while maintaining conciseness and legibility, only results for sky conditions resulting in specifically high or low circumsolar radiation values are shown in the following. Cirrus clouds are represented using the optical properties of Hong-Emde-Yang (Reinhardt et al., 2014) for rosettes and solid columns with effective radius of respectively 90 lm and 15 lm. The former size yields low circumsolar radiation values in the considered 2.5°fieldof-view, whereas the latter yields high circumsolar radiation values. As far as aerosols are concerned, three aerosol types have been chosen from the optical properties of aerosols and clouds database (OPAC) proposed by Hess et al. (1998) :
The continental polluted aerosol type is composed of mostly small particles and causes low circumsolar radiation values even for high AOD values. This aerosol type is typical over areas highly polluted by anthropogenic activities;
The desert aerosol type contains a significant amount of large aerosol particles and therefore induces considerably more circumsolar radiation; A coarse aerosol type, obtained as the pure coarse mineral dust component from OPAC minus the smaller particles. This third type has been considered because it may induce circumsolar radiation with the same magnitude as cirrus clouds, even though situations where only large particles exist are highly unlikely. This somewhat unrealistic type of aerosol is introduced here to demonstrate that, over desert regions, it is not easy to define an upper limit for the circumsolar radiation caused by aerosols since local uptake may cause a particle size distribution that contains considerably more large particles than in the average OPAC desert dust mixture.
The different simulations were performed for five different values (0.1, 0.2, 0.3, 0.4 and 0.6) of the vertical optical depth at 550 nm s 550 , and for different sun zenith angles from 0°to 80°in steps of 10°. These simulations are derived with the same methodology as that presented by Reinhardt et al. (2014) .
The SOD at 550 nm, noted d 550 , is defined by:
Fig. 5(a) and (b) respectively show the ideal CSNI and the corresponding ideal CSR for an opening half-angle of 2.5°, as a function of d 550 . It is found that CSR is a strong function of d 550 . However, Fig. 5(a) shows that CSNI also depends on the sun zenith angle, since there are several combinations of vertical optical depth and sun zenith angle that yield similar values of d 550 .
Using the same MYSTIC simulations, Fig. 6 shows the correspondence between CSR ideal (2.5°) and B ideal n ð2:5 Þ. For the same magnitude of simulated DNI, different circumsolar ratios can be observed with respect to the aerosol or icecloud types, which means that the circumsolar contribution to DNI is not just a function of turbidity. Small circumsolar ratios correspond to aerosols under clear-sky conditions, whereas large ratios correspond to cloudy-sky conditions with ice clouds. Fig. 7 presents a combined two-dimensional (2D) histogram of measurements of the circumsolar ratio and DNI performed at the Plataforma Solar de Almeria (Spain) using the so-called SFERA sunshape measurement system. This SFERA system consists of Visidyne Sun and Aureole Measurement System (SAM), a Cimel sun photometer, a CHP1 pyrheliometer, and appropriate post-processing software (Wilbert et al., 2013a) . The 2D histogram in Fig. 7 has been created from 337,701 measurements taken between April 1st 2011 and December 20th 2012.
These measurements corroborate the MYSTIC simulations presented in Fig. 6 . The histogram contains a "bend", represented by a black-dashed line in Fig. 7 for lower DNI values, which is interpreted as a signature of the transition between cloudless and cloudy conditions. Measurements below this 'bend" for lower CSR values correspond to clear-sky measurements with typically small aerosol particles. A very practical analysis of these simulation-or measurement-based figures shows situations or conditions with high experimental DNI together with high circumsolar ratios. For example, for an experimental DNI around 600 W m À2 , for approximately 7% of the situations, the circumsolar ratios reach 20-30%, due to the effect of thin clouds. This implies that a solar energy conversion system with a narrow acceptance angle-just slightly greater than d s -would be able to convert only 70-80% of the experimental DNI under such circumstances.
Aerosols also cause an increase in the relative difference between B ideal n ðaÞ and B sun n , but, conversely to the effect of cirrus clouds, their effect may strongly decrease B ideal n ðaÞ. This difference in how aerosols and thin clouds impact DNI is caused by the Å ngströ m exponent g that characterizes the variation of spectral AOD with wavelength in Å ngström's law:
where sðkÞ is the AOD at wavelength k (in lm). For instance, rural aerosols have an exponent that usually ranges between 1 and 1.5, which means that the extinction in the visible band-where the spectral irradiance is high-is much stronger than in the near infrared (where the spectral irradiance is much lower). In comparison, the scattering effect of clouds is roughly wavelength independent (g % 0), and is therefore generally of lower magnitude in the ultraviolet and visible parts of the spectrum than that of aerosols for a similar optical depth. However, this difference would become almost non-existent under sand storm conditions, because the overwhelming presence of large particles would make the aerosol Å ngströ m exponent g reach values close to 0.
Conclusions and recommendations
Depending on atmospheric conditions, a more or less significant fraction of solar radiation that is scattered by atmospheric constituents emanates from the circumsolar region. Whereas a large part of the circumsolar radiation is measured by pyrheliometers, concentrating collectors can only use a part of it, depending on concentrator technology, among other things. Therefore, this circumsolar effect has to be considered for yield assessment and performance evaluation of concentrating solar technologies.
Given these circumstances, circumsolar radiation measurements or estimates should be included in solar resource assessment, plant design, yield assessment, plant operation, or power plant performance tests for concentrating technologies. Otherwise, an additional uncertainty is introduced. In parallel, standard DNI measurements using procedures that follow the WMO-recommended geometry-in terms of slope and limit angles-always need to be carried out for solar resource assessment and performance monitoring.
An early study (Lemperle, 1982) suggested that a pyrheliometer with a modified opening angle similar to the CST system's acceptance angle could be used as an alternative to sunshape measurements. Although there could be a market for "special geometry" pyrheliometer, such an approach cannot be recommended for five reasons. First, the acceptance angle is specific to each CST system technology. Hence the DNI assessment should be system specific, too, which is difficult and costly to implement in practice. Second, such an approach is only an approximation even for a single specific system. Third, the sensitivity of a CST to circumsolar radiation varies with solar position for all types of systems except for parabolic dishes. Fourth, any deviation from the WMO recommendation for the geometry of pyrheliometers brings along a complication when comparing data from these measurements to data obtained with conventional, WMO-compliant instruments. Fifth, the calibration of pyrheliometers of unusual geometry becomes more uncertain since this calibration is obtained by comparing their reading to reference instruments (ACRs) that have a mandated 2.5°opening angle, with no adjustment possible.
The last two reasons, related to the geometry of radiometers, also apply to the case of modeled data, since radiation models are usually validated, and sometimes also partially calibrated, against standard ground-based measured DNI data.
The authors strongly recommend that standard DNI measurements following the WMO-recommended field of view be conducted at all radiometric stations. Such measurements can be collected with pyrheliometers, of course, but also e.g. with RSIs or dual pyranometers, since these are calibrated against common pyrheliometers. If possible, circumsolar radiation measurements should also be carried out in addition to the common DNI observations.
In the best-case scenario, circumsolar radiation measurements can be reduced to sunshape functions. However, the measurement of the circumsolar ratio or of the circumsolar contribution may be sufficient, depending on conditions and applications.
As a guideline for the proper usage of the term "DNI" we conclude with the following: Different interpretations of the term DNI are required depending on the topic and scientific field. A decision to establish a single interpretation of the term DNI is neither necessary nor possible. To allow for the correct interpretation of published results, and in order to avoid introducing additional errors, it is necessary to explain clearly which definition of DNI is used. In the case of experimental DNI data, this involves the specification or the characterization of the penumbra function.
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